and exceed 75% for a 20-period barrier. Our finding points to an unexpected opportunity to realize valley functionalities in graphene electronics.
2 Dirac quasiparticles in graphene make possible a condensed matter testbed for this exotic consequence of quantum electrodynamics. 2 Upon normal incidence at a barrier, the Klein paradox manifests either as the perfect transmission in single-layer graphene, or the perfect reflection in bilayer graphene. This difference between the two graphene systems arises from their distinct chirality structures associated with the sublattice pseudospin, which dictate either forward-propagation inside the barrier or backscattering is allowed under pseudospin conservation. The electron mean free path can reach tens of microns in high quality grapheme, 3, 4 promising the exploitation of the coherent chiral tunneling effect for novel electron devices with optics analogs. [5] [6] [7] [8] [9] [10] [11] Graphene electron also features a valley degree of freedom, labeling the two massless Dirac cones with opposite pseudospin chirality at the K and -K corners of Brillouin zone. The possibility to address and exploit valley as information carrier has led to the conceptual electronic applications known as valleytronics. [12] [13] [14] Valley selective flow of carriers, or valley current, is the main element to enable valley functionalities. A variety of schemes have been explored for producing valley current in graphene by introducing edges, 13 inversion symmetry breaking, [14] [15] [16] [17] [18] line defects and topological interfaces, [19] [20] [21] [22] [23] [24] or exploiting strains 25, 26 and trigonal warping. 27 In the context of Klein tunneling, possibilities to engineer valley polarized transmission at selected oblique angles are discovered, 9, 28 but the angle-averaged transmission cannot carry valley polarization as a consequence of time-reversal symmetry, 29 limiting such schemes to ballistic devices and angle resolved operations. All the above mechanisms exploit intravalley process only, whereas intervalley scattering is generally considered as a deleterious cause of error for the valley functionalities. On the other hand, a counterintuitive role of intervalley scattering in pumping valley polarization has been revealed in recent theoretical studies.
29, 30
Here we discover that, at a superlattice barrier in single-layer graphene, where the sizeable angle-integrated valley polarity is crucial for harvesting the filtered valley current beyond the ballistic limit.
Staggered pseudospin gaps in graphene superlattice. Let us consider a single-layer graphene subject to a Kronig-Penney type electrostatic potential along the zigzag direction, with square barriers of width and height arranged with periodicity ( Fig. 1a) . The effect of such superlattice on the massless chiral electrons has been investigated in the absence of intervalley scattering. 7 Intravalley scattering by the superlattice potential leads to anisotropic massless Dirac dispersion: the group velocity is renormalized in the armchair (y) direction parallel to the barriers, but unchanged in the perpendicular zigzag (x) direction, as a manifestation of the Klein paradox. The step-shaped potential can also introduce intervalley scattering that couples the two valleys, which, however, has not been considered in the literature. 
The quantitative difference between Eq. (1) and (2) 
For pseudospin |+ ⟩, the condition becomes
As the number of periods increases, these conditions of maximum intervalley backscattering will introduce pseudospin dependent transport gaps that alternately appear at different energies in the minibands.
For a quantitative characterization of the superlattice minibands with the intervalley backscattering effects, we have calculated the energy dispersion and pseudospin textures using the tight-binding Hamiltonian,
( ) is the creation (annihilation) operator at site , the on-site potential which describes the superlattice potential, and the second term is the nearest neighbor hopping with ≈ 2.8eV. Periodic boundary conditions are applied in the direction, along which the electron's momentum is a conserved quantity. Our calculation accounting the intervalley scattering finds sizable gaps opened at these band crossings at ± (indicated by the arrows in Fig. 1c) . Fig. 1e is a zoom-in of the band dispersion near energy 0 with a cut at = 0, which includes a pair of Dirac points, a gapped crossing point for pseudospin |+ ⟩ in zone center, and a gapped crossing point for |− ⟩ on zone boundary. These correspond respectively to the new Dirac points at energy , and the crossing points at energies and , highlighted by the grey and green circles in the zone folding scheme in Fig. 1d .
Within the staggered gaps Δ and Δ , the minibands are pseudospin polarized. In particular, all states with = 0 are fully polarized either in |− ⟩ or |+ ⟩ pseudospin state. Remarkably, intervalley backscattering makes possible energy windows for polarized pseudospin transport in the superlattice. 
Angle-integrated valley polarization. The valley filter here functions in the coherent
Klein tunneling regime, requiring the entire width of the superlattice to be small compared to the electron mean free path that can reach over 10 micron in high quality grapheme. 3, 4 This allows the use of a few tens of periods, with ~ O(10) nm limited by the lithography of electrodes, which are sufficient to achieve high efficiency valley filter as Fig. 2d has shown. The filtered valley current, on other hand, can be harvested into channels beyond the ballistic limit as long as the valley polarity does not cancel after the integration over incidence/outgoing angle. The angle averaged valley polarity is therefore a key figure of merit for practical applications. At angle | | > 60 where drops to zero, the transmission probability has already become negligible. This leads to a pronounced angle-averaged valley polarization ( ) exceeding 70%, with an angle-averaged transmission probability ~ 50%.
The wide-angle valley-filtering and the large arise from the fact that the pseudospin gap exists over a range of that is comparable or larger than the lead Fermi surface. For the superlattice barrier used in the calculation of Fig. 3b , we show its energy contour inside the gap Δ , color coded with the pseudospin texture, in Fig.   3a . The shaded area denotes the range in which pseudospin state |+ ⟩ is absent.
As long as the Fermi surface in the graphene lead does not exceed this range, the conservation of and pseudospin in the scattering leads to valley filtering over the entire angle range where transmission is significant. This has been tested for several sizes of the Fermi surface in the graphene lead, tuned through an electrostatic shift of the lead Dirac points (c.f. Fig. 3a inset) . As shown in Fig. 3b -c, the angle-averaged valley polarization remains large until the lead Fermi surface gets significantly larger than the shaded range in Fig. 3a , where both pseudospin states become available at large oblique angle. For the given superlattice, large angle-integrated valley filtering effect is expected for ≲ 0.04eV (Fig. 3c) . Large is obtained for ≲ −0.04 eV, and remarkably, by just using a 5-period barrier, the angle-averaged valley polarization can already reach ~ 20% (c.f. Fig. 3f ).
Discussion. For electrostatically defined superlattice, the potential steps cannot be made atomically sharp. The lateral length scale of the potential step is determined by the vertical distance between the local gate and graphene, which can be made as small as ~ nm using hBN as the gate dielectric. 33 In general, superlattice with smoother 9 potential steps will have smaller Fourier component responsible for the intervalley scattering. A reduction of the pseudospin gap size is therefore expected. To quantify such effect on the valley filtering, we calculate transmission through superlattice barrier with potential step described by hyperbolic function, i.e. / + 1 in ∈ − , , with d characterizing the length scale (c.f. Fig. 4a inset) . (Fig. 4d) , which requires the lithography error to be controlled in ~ nm scale.
We also note that when the superlattice period is integer number of 3 , the 
